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Abstract

Here, a conduction micropump with symmetric planar electrode pairs prepared on flame-retardant glass-reinforced epoxy (FR-4) copper-clad
laminate (CCL) is fabricated. It is used to investigate the influence of chamber dimensions on the performance of a conduction micropump and
to determine the reliability of the conduction pump when acetone is used as the working fluid. A testing platform is set up to evaluate conduction
micropump performance under different conditions. When the chamber height is 0.2 mm, the pump pressure reaches its peak value.

Video Link

The video component of this article can be found at https://www.jove.com/video/55867/

Introduction

Micropumps can drive liquid flow on a much smaller scale than most pumps. In recent years, various driving schemes have been applied
successfully to microfluidic systems1,2,3,4,5. The electrohydrodynamic (EHD) pump can exert forces directly on the liquid, without any moving
parts, which makes it simpler and easier to fabricate6. According to the charge types, EHD pumps can be classified as injection pumps, induction
pumps, or conduction pumps. Induction pumps do not work on isothermal liquids, while injection pumps change the liquid conductivity. Because
they lack such problems, conduction pumps are more stable and have a wider application.

The conduction pump is based on the mismatch of the dissociation and recombination rates of liquid molecules. Normally, the dissociation and
recombination process can be expressed as follows7,8:
 

 

where the recombination rate kr is constant while the dissociation rate kd is a function of the electric field strength. When the electric field strength
reaches a certain value, the dissociation rate will exceed the recombination rate. Then, more and more free charges travel to the two electrodes
of opposite polarity, and heterocharge layers form. These heterocharge layers are the key to the pump, as the movement of the charges pushes
the liquid molecules forward. Therefore, net body force can be generated in the liquid within the chamber using asymmetric electrodes or the
mismatch of the mobility of positive and negative ions9,10,11,12.

This work introduces a new way of fabricating a symmetric planar electrode plate for a conduction pump. The electrode plate is prepared on
FR-4 CCL, and the pump chamber is prepared by micromachining. The fabrication processes are relatively simpler and more convenient than
those of other manufacturing methods, such as nanolithography. A testing platform is set up to investigate the performance of the conduction
micropump under different conditions. Furthermore, the reliability of the conduction micropump is also investigated under different circumstances.

Protocol

Caution: Please consult all relevant material safety data sheets (MSDS) before use. Acetone is highly flammable and can cause irritation to the
eyes and respiratory tract. The voltage involved is as high as several thousand volts; hence, electrical sparks are expected when conducting the
experiment. Carry out the experiments in a room with good ventilation to avoid explosions and fire from the sparks.

1. Fabrication of the Plates and Holder

NOTE: In this work, the electrode plates and holder are fabricated by a production line in a factory. Only the material and the parameters of all
parts in this paper will be introduced due to the complicated processes.
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1. Material and size of the electrode plate
1. Fabricate the electrode plates using 1.4 mm FR-4 CCL with a thin copper layer of 35 µm. See Figure 1 for detailed parameters of the

electrode plate.

2. Parameters of the electrodes
1. Order the electrode plates from the factory. See Figure 2 for more details.

3. Inspection of the electrode plate
1. After the preparation of the electrode plate, use an electron microscope to inspect the electrodes for any noticeable flaws under 100X

and 300X magnification. Note that any tiny defects on the surface of the electrodes can cause short-circuiting, as shown in Figure 3.
2. Inspect and measure the electrode width and spacing to determine whether the dimension accuracy meets the requirement.
3. Test the plate with an amperemeter to see if an electrical short-circuit occurs.

4. Preparation of the chamber plate
1. Cut some silicone membrane to the same size as the electrode plate, as shown in Figure 4. Choose silicone membranes with different

thicknesses to make chamber plates with different heights.
2. Use a special punching tool to punch the chamber hole, as shown in Figure 5.

5. Processing of the holder
1. Order the holder from a factory. The detailed parameters are shown in Figure 6.

6. Fabrication of the cover plate
1. Drill two holes on the top of the cover plate using a drilling machine to install the inlet and outlet tubes. See Figure 7 for their positions

and sizes.

2. Assembly of the Micropump

1. Use acetone to wash all the plates, the holder, the inlet and outlet tubes, and other tools used in the experiments. Put these tools and plates
inside a beaker and then pour enough 99.5% acetone to immerse them. Put the beaker inside the ultrasonic washer. Turn on the ultrasonic
washer and set the timer to 5 min.

2. Insert the inlet and outlet stainless-steel tubes into the two holes on the cover plate.
3. Place a chamber plate made of silicone membrane on the electrode plate and then cover it with the cover plate.
4. Stack and align the cover plate, the chamber plate, and the electrode plate from top to bottom and insert the aligned plates into the

holder.
1. Use an M5 bolt to fix the plates inside the holder. See the explosion view and normal view of the assembled micropump, as shown in

Figure 8 and Figure 9, respectively.
2. Press the plates together by tightening the bolts.

 

NOTE: The tubes and the cavity on the chamber plate will form a passage for the working liquid. The elastic chamber plate can also
seal off the gap between plates to prevent liquid from flowing out. See the explosion view and the normal view of the assembled
micropump in Figure 8 and Figure 9, respectively.

5. Use two polyurethane hoses with external diameters of 4 mm and internal diameters of 2 mm to connect the inlet and outlet stainless-steel
tubes.

6. Connect an amperemeter, a 500 V DC power source, and the micropump in series. Insert a 1 mA fuse between the amperemeter and the
power source to protect the amperemeter in case the micropump is shorted.

7. Insert the inlet hose into a 50 mL beaker with 20-30 mL of acetone inside.
 

NOTE: Figure 10 shows the completed platform.

3. Experimental Procedure

1. Preparatory work before the experiment
1. Use a cylinder to inject acetone to fill up the micropump. After the liquid level reaches the outlet hose, continue to inject 10 mL of

acetone inside until all bubbles are pushed away from the chamber.
 

NOTE: It is impossible to see if there are any bubbles left inside the chamber because the cover plate and the electrode plate are
not transparent. Continuously injecting acetone helps to remove bubbles, but it cannot guarantee that no bubbles are left inside the
micropump. Bubbles may block the passage of liquid, or they may short the circuits and cause a micro-explosion inside the micropump,
which will burn the electrodes. The effect of bubbles on the pump operation is not totally clear yet, but the breakdowns they cause have
been observed several times.

2. Pour 20-30 mL of acetone into the beaker and put the inlet hose inside the beaker. Ensure that the liquid level is at least 5 mm higher
than the inlet so that acetone can flow into the pump and no air can be sucked into the micropump chamber.

2. Static pressure test
1. Attach the outlet hose to a small frame so that the hose can remain straight and vertical. Put a ruler alongside the outlet hose to

measure the liquid level.
2. Connect the micropump to the power source.
3. Start the test by pressing the switch and then mark down the initial liquid level.
4. After the liquid level becomes stable, record the time, the final liquid level, and the electric current.
5. Continue to record the liquid level and the current every 10 s until the micropump breaks down.
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3. Flow rate test
1. Use a large measuring cylinder to collect the liquid coming out of the outlet hose. Be sure to fix the outlet hose so that the end remains

at the same altitude as the liquid level in the beaker.
2. Connect the micropump to the power source.
3. Start the test by pressing the switch and then mark down the initial liquid level.
4. As the liquid starts to flow out of the outlet hose, record the volume of acetone inside the measuring cylinder every 10 s. As the

experiment goes on, add acetone to the beaker to maintain the liquid level.

4. Reliability test
1. Use the average working time to evaluate the reliability of the pump. During the flow rate test and the static pressure test, record the

operation time before the pump breaks down. Record the detailed phenomena of each breakdown during the experiment and inspect
the electrode plate surface afterwards for further analysis.

Representative Results

As shown in Figure 11, the pump pressure and its increasing rate rise when the voltage increases. When the voltage reaches 500 V, the pump
pressure reaches 1,100 Pa.

The pump static pressure rises with the pump chamber height increasing when the chamber height is under 0.2 mm. The pump performance
reaches its highest point when the chamber height is 0.2 mm. Then, the static pressure drops when the chamber height continues to increase. It
is believed that 0.2 mm is the best value for the chamber height. The results are shown in Figure 12.

By increasing the chamber length, the static pressure rises, with a big slope until a chamber length of 23 mm and a smaller slope, indicating a
gradual rise, afterwards. The variation tendency of the pump pressure is shown in Figure 13.

As shown in Figure 14, there is a slight decrease in the static pressure versus chamber width curve when the chamber width increases from 2
mm to 3 mm. Afterwards, the static pressure remains at a certain level as the chamber width increases.

During testing, the micropump breaks down frequently after working for 10-90 min. After working for a certain amount of time, the pump pressure
continues to drop until breakdown occurs. However, the performance of the pump pressure can be restored when new acetone is added to the
beaker.

When there are bubbles inside the pump, the pump pressure will not rise as high as it normally does because the passage of working liquid is
blocked by the bubbles. If the plates are not sufficiently cleaned, meaning that there is still dust or other contamination, the pump will easily get
shorted when these particles travel to the gap between electrodes. When the pump gets shorted, the electric current will rise very fast and burn
the electrodes.

 

Figure 1: Size of the electrode plate. The electrode plate, chamber plate, and cover plate are of the same size. Their widths are 9 mm and
their lengths are 40 mm. The holes for soldering the wire have a diameter of 1.6 mm. Order the electrode plates from the factory with these
parameters and check the plate size afterwards to make sure that they can fit inside the holder. Please click here to view a larger version of this
figure.
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Figure 2: Dimensions of the electrodes. The electrode plates have 23 pairs of electrodes, with an electrode width of 300 µm, an electrode
spacing of 200 µm, a width gap between the two electrode pairs of 400 µm, and an electrode end spacing of 600 µm. The electrode spacing is
the most important parameter, as it determines the electric field strength. Please click here to view a larger version of this figure.

 

Figure 3: Tiny defects on the surface of electrodes and the damage from short circuits. Rags and surface pits are the typical defects of the
electrodes. The pits in (a) have caused a severe breakdown. Some of the electrodes in (b) burn under high electric field strength. Please click
here to view a larger version of this figure.

 

Figure 4: Chamber plate dimensions. The width and length of the plate are 9 mm and 40 mm, respectively. The thickness of the plate is 0.3
mm in these tests. The dimension accuracy is 0.1 mm. Please click here to view a larger version of this figure.
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Figure 5: Picture of the special hole punch. The special punching tool is customized for cutting the cavity on the chamber plate. Please click
here to view a larger version of this figure.

 

Figure 6: The engineering drawing of the holder. The 3 mm opening on the top is for the inlet and outlet stainless-steel tubes. The thickness
of all walls is 2 mm, and the overall size of the holder is 14 x 37.5 x 9 mm3. The 2.4 mm wall on the left is for holding the position of the electrode
plate, cover plate, and chamber plate. On the bottom of the holder, there is an M5 threaded hole for a fastening bolt. The dimension accuracy
of the holder is 0.1 mm, which is not very high. Make sure that the electrode plate can fit inside. Please click here to view a larger version of this
figure.
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Figure 7: The parameters of the cover plate. The material of the cover plate is also FR4. Two stainless-steel tubes are inserted into the hole to
provide inlet and outlet passage for the working liquid. Please click here to view a larger version of this figure.

 

Figure 8: Explosion view of the micropump. From top to bottom are the inlet and outlet tubes, the cover plate, the chamber plate, the
electrode plate, and the fastening bolt. The tubes and the cavity on the chamber plate form a liquid passage for the working liquid. Please click
here to view a larger version of this figure.
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Figure 9: Rendered image of the assembled micropump. After fastening the bolt, all plates are pressed together, and the hole on the
chamber plate is the only space for liquid to flow through. The elastic chamber plate can also seal off the gap between plates to prevent liquid
from flowing out. Please click here to view a larger version of this figure.

 

Figure 10: The picture of the micropump experiment platform. The bottle that contains acetone can be replace by a beaker, but it is safer
to cover the beaker with thin film to prevent the acetone from volatilizing too much. The power source, the amperemeter, and the pump are
connected in series. The outlet hose can be also replaced by a glass tube. Please click here to view a larger version of this figure.
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Figure 11: The relationship between the voltage and the pump pressure. The pump pressure and its increasing rate rises when the voltage
increases. Please click here to view a larger version of this figure.

 

Figure 12: The relationship between the chamber height and the pump performance. The pump performance first increases then drops
when the chamber height increases from 0.1 mm to 0.5 mm. Please click here to view a larger version of this figure.
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Figure 13: The relationship between the chamber length and the pump performance. The pump performance rises when the length
increases.

 

Figure 14: The relationship between the chamber width and the pump performance. The pump pressure remains the same when the
chamber width increases.

Discussion

One of the critical steps within the protocol is to inspect the electrode plate carefully. Small burrs on the edge of an electrode can result in a
short-circuit, and surface integrity can greatly affect pump performance. The cleaning of the electrode plate and holder is also very important.
The electrode chamber height is less than 1 mm, so small dust particles may block the working liquid flow and cause a short-circuit. Before the
test, injecting acetone into the chamber can remove the bubbles outside of the chamber.

The performance of the micropump can be severely influenced by the height of chamber. To eliminate such influence, the elastic chamber plate
can be replaced by harder material.

There are a few limitations to the technique. First, the electrode height is determined by the metal layer on the FR-4 CCL. It is relatively high,
which affects the flow of liquid to some extent. Second, by using silicone membrane as the chamber plate, the sealability of the chamber is
improved. However, the elasticity of silicone can cause some deviation in chamber height. Finally, the electrode width and electrode spacing are
limited by the technique itself, which makes achieving higher electric field strength much more difficult than with other technique.

Unlike photolithography and other high-precision fabrication techniques, using FR-4 CCL with this electrode fabrication process is relatively
simpler and cheaper. On the other hand, the required electric voltage in this work is much lower. Pearson and Seyed-Yagoobi13 have proposed a
ring electrode and perforated electrode design that requires 5 kV of DC voltage for the pump to work, while in this work, the power source is only
500 V.
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This micropump can be used to loop a heat pipe, especially a long heat pipe that requires a driving force other than capillary force. Inserting one
or multiple electrode plates inside the heat pipe can provide enough driving force for the dielectric coolant to travel from the cold end to the hot
end. A similar function can also be achieved by an annular electrode fabricated on soft, insulated material with a metal substrate.
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